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INTRODUCTION
============

Electrostatic forces originating from charged groups on protein surfaces influence a variety of macromolecular functions. For example, charges on the surface of superoxide dismutases provides electrostatic guidance for substrates entering the active site ([@bib14], [@bib13]; [@bib49]). Surface charges have also been shown to affect channel conductance in a variety of ion channels, such as neuronal Na^+^ channels ([@bib51]; [@bib54]), Ca^2+^-activated K^+^ (BK) channels ([@bib29]; [@bib30]), and nicotinic acetylcholine receptors (NAChR) ([@bib18]; [@bib23]), presumably by influencing the permeant ion concentration of ions at the entrance of the selectivity filter ([@bib2]). In BK channels, surface charges also act to increase the affinity of cationic pore blockers by altering the local electrostatic potential at the pore entrance ([@bib29]; [@bib30]), while the "ring" of negative surface charges in NAChRs modifies the affinity of the pore blocker, Mg^2+^ ([@bib18]; [@bib23]).

I~K1~ currents are found in many tissues and are generated by Kir2.x channels. In heart, a major molecular component of I~K1~ is the Kir2.1 channel ([@bib55]) and mutations in Kir2.1 channels have been linked to a form of long QT syndrome (LQT7) known as Andersen\'s syndrome ([@bib44]). Levels of I~K1~ in cardiomyocytes provide background K^+^ currents that are involved in setting the resting membrane potential, preventing membrane hyperpolarization due to Na^+^ pump activity, influencing propagation velocity, altering the electrical space constant, and promoting late phase repolarization. Consistent with an important role for I~K1~ in the heart, reductions in I~K1~ have been implicated in heart failure, and triggered arrhythmias resulting from early or delayed after-depolarizations observed in heart disease ([@bib5]; [@bib20]; [@bib46]; [@bib45]). On the other hand, blockade of I~K1~ is a potent inhibitor of reentry type arrhythmias and ventricular fibrillation by increasing electrical space constants ([@bib47]). I~K1~ channels also play a critical role in conditions of ischemia and hypoxia, where \[K^+^\]~o~ is often elevated from 4 mM to as high as 20 mM ([@bib53]), resulting in membrane potential depolarization as a consequence of the anomalous crossover properties of I~K1~ channels ([@bib33]; [@bib26]).

The recent crystallography of the bacterial inward rectifier channel *KcsA* ([@bib9]) has provided important new insights into the molecular and biophysical mechanisms underlying the function of K^+^ channels. Indeed, crystallography and molecular dynamic models have revealed important channel properties such as ion occupancy and unitary conductance as well mechanisms for ion permeation ([@bib3], [@bib4]; [@bib37]). While previous reports of the γ versus K^+^ activity relationship in Kir2.1 channels were dedicated to studying the validity of various permeation models ([@bib52]), no studies have specifically examined the role of surface charges in Kir2.1 channel function.

In this study, we examined the conduction properties of the Kir2.1 channel over a range of K^+^ activities using single-channel recordings and nonstationary fluctuation analysis. We employed three experimental strategies to alter surface charges in Kir2.1 channels: variation of the bulk solution ionic strength, surface charge neutralization, and site-directed mutagenesis. Our results establish a critical role for surface charges near the extracellular entrance of the pore in Kir2.1 channels originating from E153 residues to the conduction properties of K^+^ ions. It will be necessary to consider the effect of E153 residues on ion occupancy and permeation in future studies.

MATERIALS AND METHODS
=====================

Expression of Mouse Kir2.1 Channels in Chinese Hamster Ovary (CHO) K1 Cells
---------------------------------------------------------------------------

Mouse Kir2.1 cDNA (a gift from L. Jan, Howard Hughes Medical Institute, San Francisco, CA) was subcloned into a bidirectional paBi-G vector (CLONTECH Laboratories, Inc.) modified by us to contain GFP (paBi-EGFP) ([@bib55]) in a TetOFF system requiring activation of the promoter by tetracycline transactivator (tTA) (CLONTECH Laboratories, Inc.). CHO-K1 cells were incubated at 37°C, 5% CO~2~ in F12 media (Sigma-Aldrich), supplemented with 5% FBS and 1% penicillin/streptomycin (GIBCO BRL) and transfected with 2 μg of Kir2.1 cDNA plus 1 μg of tTA cDNA using 4 μl of Lipofectamine 2000 (GIBCO BRL) following the supplied protocol. Transfected cells were incubated in supplemented culture media (see below) for 24 h before the electrophysiological recordings. Single mutants were created on a four cysteine knockout background (4CKO = C89S/C101S/C149Y/C169S) via the Kunkel method.

Cell-attached Macropatch Recordings for Unitary Conductance
-----------------------------------------------------------

Electrophysiological recordings were done using the cell-attached patch clamp technique. Bath solutions contained (in mM) 2 MgCl~2~, 10 HEPES, and 5--400 K^+^ (Cl^−^ and OH^−^) (pH 7.4, with KOH). The osmolarity was maintained when necessary by the addition of varying amounts of glucose. Pipette solutions had the same composition as the bath solutions, except MgCl~2~ was removed and 1--30 μM Ba^2+^ was added in order to induce time-dependent current decay, allowing for nonstationary fluctuation analysis to be used for unitary current estimates (see below).

For some experiments, recording solutions also contained 100 mM *N-*methyl-[d]{.smallcaps}-glucamine chloride (NMG^+^Cl^−^) to "screen" charges. In some studies, transfected cells were pretreated in our culture medium (see below) for 5 min with 50 mM trimethyloxonium (TMO), an agent used to esterify carboxylic acid residues of negatively charged amino acid side chains ([@bib51]; [@bib10]). To replace negative charges in some studies using mutant channels, 1 mM MTSES (in DMSO) was added for 10--15 min and then thoroughly washed out with fresh bath solution before recording. TW140F-4 patch pipettes (World Precision Instruments) were pulled and fire polished to give resistances of 6--10 MΩ for single channel recordings and resistances 2 MΩ for fluctuation analysis recordings. Pipettes were coated with Sylgard (Dow Corning Corporation) to reduce their capacitance. Data were acquired using Axopatch 200A amplifier, collected at 20 kHz by Clampex 8 (pCLAMP; Axon Instruments) with a 2 kHz low-pass Bessel filter and analyzed using Clampfit 8 (pCLAMP; Axon Instruments).

To obtain estimates for the unitary conductance (γ) at varied levels of symmetric K^+^ in our cell attached recordings, it is desirable for the K^+^ concentrations to equilibrate across the cell membrane and for the resting membrane potential to be 0 mV. For thermodynamic reasons, this cannot be readily established directly from our cell-attached recordings. Therefore, to demonstrate K^+^ ion equilibration, we used the voltage-sensitive dye *bis*-(1,3-dibutylbarbituric acid)pentamethine oxonol (DiBAC~4~(5)) (Molecular Probes), which increases its fluorescence as the membrane potential depolarizes. To perform these studies, DiBAC~4~(5) was dissolved in 0.2% DMSO and added to bath solutions at a final concentration of 200 nM. Initially transfected cells were incubated for 20 min with a solution containing 140 mM KCl, 10 mM HEPES, 2 mM MgCl~2~, 200 nM DiBAC~4~(5), pH 7.4. Next, the fluorescence (at 616 nm) generated by DiBAC~4~(5) illuminated at 590 nm was recorded every 3 s from cells expressing Kir2.1 channels, identified by GFP fluorescence. [Fig. 1](#fig1){ref-type="fig"} shows typical fluorescence recordings from DiBAC~4~(5) in response to changes in K^+^ levels from 140 mM to 20 mM K^+^ (20 mM K^+^, 10 mM HEPES, 220 mM glucose, 2 mM MgCl~2~, 200 nM DiBAC~4~(5), pH 7.4). As expected from the properties of DiBAC~4~(5), the application of 20 mM K^+^ results in rapid fluorescence decreases, indicative of membrane hyperpolarization, which was followed by a slow return of the fluorescence to baseline, recorded when 140 mM K^+^ was present. Furthermore, reintroduction of a 140 mM K^+^ containing solution, caused a rapid increase in fluorescence, indicating membrane depolarization followed again by decay back to baseline. Identical patterns of DiBAC~4~(5) fluorescence changes were observed when other solution changes were applied. In general, these observations can only be obtained if K^+^ ions equilibrate and have equal concentrations across the cell membrane. This conclusion is bolstered by the reasonable assumption that the initial membrane potential in our 140 mM K^+^ containing solution was 0 mV (since intracellular environment of our cells should be typical of other mammalian cells that contain ∼140 mM K^+^), thereby indicating that the baseline fluorescence in our recordings corresponds to a membrane potential of 0 mV.

![Fluorescence measurements of membrane potential using the voltage-sensitive dye DiBAC~4~(5). Baseline DiBAC~4~(5) fluorescence after 20 min of equilibration with a 140 mM K^+^-containing solution (approximately equal to the intracellular concentration of K^+^ of all mammalian cells) is shown followed by the changes in DiBAC~4~(5) fluorescence following the application of a 20 mM K^+^ solution (▪). Notice that the fluorescence initially decreases, indicative of an expected hyperpolarization following the application of 20 mM K^+^. This is followed by a slow return to baseline over a 2-min period, indicative of a return to a membrane potential of 0 mV. When a 140 mM K^+^ solution (□) is reapplied, an increase in fluorescence is observed, consistent with a membrane depolarization, which again is followed by a return to the baseline fluorescence. These results establish that K^+^ levels equilibrate in our cells and that the membrane potential is zero within 2--3 min following changes in the applied K^+^ concentrations.](200409175f1){#fig1}

The observation that the membrane potential equilibrates to 0 mV and the K^+^ levels are equal across the cell membrane (regardless of the applied external K^+^ level) is entirely expected for the following reasons. First, the conductance of these cells following transfection is very high (i.e., \>40 nS) and K^+^ selective, which promotes K^+^ equilibration across the membrane. Second, since Na^+^ was excluded from the media, thereby inhibiting the Na^+^ pump, there is no biochemical mechanism (that we are aware of) to maintain K^+^ gradients across the membrane.

Nonstationary Fluctuation Analysis (NSFA) on Cell-attached Multichannel Recordings
----------------------------------------------------------------------------------

Unitary currents were estimated by the nonstationary fluctuation analysis (NSFA) method using the equation ([@bib50]) $$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}{\mathrm{{\sigma}}}^{2}={\mathrm{-}}\frac{1}{{\mathrm{N}}}{\mathrm{<I>}}^{2}+{\mathrm{i<I>}}+{\mathrm{L,}}\end{equation*}\end{document}$$where σ^2^ is the variance of the measured macroscopic current, I, \<I\> is the mean of I, N is the number of channels in the patch, and L is the contribution of leak currents. Since Kir2.1 channels do not vary greatly in response to voltage steps as is required for NSFA, Ba^2+^ was included in the extracellular solutions to induce time- and voltage-dependent block of Kir2.1 currents ([@bib40]; [@bib19]). In the presence of Ba^2+^, 200--300 successive K^+^ current sweeps were recorded in response to voltage steps from a holding potential of +5 mV to −60, −80, −100, −120, and −140 mV. Variance and mean currents were estimated using consecutive pairs of traces (to minimize the complicating effects of current drift) and these estimates for σ^2^ and \<I\> were averaged. Estimates for σ^2^ versus \<I\> were fit with [Eq. 1](#eqn1){ref-type="disp-formula"} using Maple 7.00 (Waterloo Maple Inc.) to estimate *i*. The single-channel conductance (γ) was calculated from the dependence of unitary current estimates on voltage using Ohm\'s law ([@bib25]; [Fig. 2](#fig2){ref-type="fig"} B).

![Single channel measurements of Kir2.1 unitary currents at various \[K^+^\]. (A) Representative traces recorded at −120 mV in symmetrical K^+^ concentrations of 20, 200, and 400 mM. The solid lines represent the zero current level (channel closed). It becomes increasingly difficult to distinguish single channel openings as \[K^+^\] approaches 0 mM. (B) Unitary currents recorded with symmetrical 20 mM (□) and 140 mM (▪) K^+^ show the ohmic behavior (solid line) of Kir2.1 currents between −80 and −120 mV.](200409175f2){#fig2}

Unitary Conductance--K^+^ Activity Relationship
-----------------------------------------------

To properly account for the effect of counter-ions in the solution on the driving force for K^+^ ion entry into the pore (i.e., the chemical potential), the activity of K^+^ (a~K~) was calculated using the relationship $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{a}}_{{\mathrm{K}}}={\mathrm{f}}_{{\mathrm{K}}}^{{\mathrm{act}}} \left \left[{\mathrm{K}}^{{\mathrm{+}}}\right] \right {\mathrm{.}}\end{equation*}\end{document}$$

To accurately estimate the contribution of long-range electrostatic interactions to the activity coefficients, f~K~ ^act^, in our studies we used the following equations. When the ionic strength (*I*) was \<10 mM (i.e., *I* \< 10 mM), f~K~ ^act^ was calculated using the relationship ([@bib8]) $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{log}}_{10}{\mathrm{f}}_{{\mathrm{K}}}^{{\mathrm{act}}}= \left \left({\mathrm{-}}0.509\right) \right  \left \left|{\mathrm{z}}_{{\mathrm{+}}}{\mathrm{z}}_{{\mathrm{-}}}\right| \right \sqrt{{\mathrm{I}}}{\mathrm{,}}\end{equation*}\end{document}$$where z~+~ is the valence of the major cation, z~−~ the major anion, and *I* is the ionic strength of the solution, which is defined as ([@bib8]) $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{I}}=\frac{1}{2}{{\sum^{{\mathrm{n}}}_{{\mathrm{i}}=1}}}{\mathrm{c}}_{{\mathrm{i}}}{\mathrm{z}}_{{\mathrm{i}}}^{2}{\mathrm{.}}\end{equation*}\end{document}$$

For 10 mM \< *I* \< 100 mM, the Extended Debye-Hückel relationship was used ([@bib21]; [@bib28]): $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{log}}_{10}{\mathrm{f}}_{{\mathrm{K}}}^{{\mathrm{act}}}= \left \left({\mathrm{-}}0.509\right) \right  \left \left|{\mathrm{z}}_{{\mathrm{+}}}{\mathrm{z}}_{{\mathrm{-}}}\right| \right  \left \left(\frac{\sqrt{{\mathrm{I}}}}{1+{\mathrm{Ba}}\sqrt{{\mathrm{I}}}}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$where *B* ≈ 0.33 in water at 25°C and *a* is an adjustable parameter corresponding to ionic size (=3 × 10^−8^ cm for K^+^). For *I* \> 100 mM, we used Davies\' approximation ([@bib28]), $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{log}}_{10}{\mathrm{f}}_{{\mathrm{K}}}^{{\mathrm{act}}}= \left \left({\mathrm{-}}0.509\right) \right  \left \left|{\mathrm{z}}_{{\mathrm{+}}}{\mathrm{z}}_{{\mathrm{-}}}\right| \right  \left \left(\frac{\sqrt{{\mathrm{I}}}}{1+\sqrt{{\mathrm{I}}}}-0.3{\mathrm{I}}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$

The dependence of γ on a~K~ (i.e., the γ--a~K~ relationship) was initially fit with a modified Langmuir binding isotherm ([Fig. 3](#fig3){ref-type="fig"} B): $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\gamma}}}=\frac{{\mathrm{{\gamma}}}_{{\mathrm{max}}}{\mathrm{a}}_{{\mathrm{K}}}}{{\mathrm{EC}}_{50}+{\mathrm{a}}_{{\mathrm{K}}}}+{\mathrm{S,}}\end{equation*}\end{document}$$where a~K~ is defined by [Eq. 3](#eqn3){ref-type="disp-formula"}, [5](#eqn5){ref-type="disp-formula"}, or 6 as required, γ~max~ is the maximal conductance measured at saturating a~K~, and EC~50~ is a measure of a~K~ when γ is γ~max~ /2. The parameter S is required to account for the nonzero intercept of the γ--a~K~ relationship which is predicted to originate from the presence of surface charges (see below).

![Unitary conductance (γ) estimates by single-channel recordings and nonstationary fluctuation analysis (NSFA). (A) Left, time- and voltage-dependent block is observed in a representative raw trace of macroscopic current decay from a cell-attached patch expressing Kir2.1 channels with 30 μM Ba^2+^ in the pipette allowing steps to −140 mV from a holding potential of +5 mV. Right, NSFA was performed on \>200 of these sweeps by generating a mean variance (σ^2^) versus mean current \<I\> plot, which was fit to the parabolic function in [Eq. 1](#eqn1){ref-type="disp-formula"}. (B) Plot of the unitary conductance (γ) as a function of symmetrical K^+^ activity. Single-channel estimates are represented by closed squares (▪), and estimates of γ from NSFA are shown in open squares (□). The solid line represents the fit to the modified Langmuir binding isotherm in [Eq. 7](#eqn7){ref-type="disp-formula"}.](200409175f3){#fig3}

Surface Charge Calculations
---------------------------

To quantify the contribution of surface charges to Kir2.1 channel properties, we assumed that the conductance is a function of the activity of K^+^ ions at the channel surface (a~K~ ^s^) and not a~K~ in the bulk solution. a~K~ ^s^ was estimated by the relationship $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{a}}_{{\mathrm{K}}}^{{\mathrm{s}}}={\mathrm{a}}_{{\mathrm{K}}}{\mathrm{exp}} \left \left(\frac{{\mathrm{-ze{\phi}}}_{{\mathrm{s}}}}{{\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$where z, e, k~B~, and T have their usual meanings, and φ~s~ is the electrostatic potential at the surface. In our studies, we estimated φ~s~ using the relationship ([@bib35]) $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\phi}}}_{{\mathrm{s}}}={\mathrm{-}}\frac{{\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}}{{\mathrm{ze}}}{\mathrm{ln}}\frac{{\mathrm{{\gamma}}}_{{\mathrm{control}}}}{{\mathrm{{\gamma}}}_{{\mathrm{TMO}}}}{\mathrm{,}}\end{equation*}\end{document}$$where γ~control~ is the channel conductance in the presence of surface charges, and γ~TMO~ is the unitary conductance in following pretreatment with TMO that was assumed to neutralize all negative surface charges. Evidence for the validity of this assumption is provided in the results section.

To estimate the number of charged residues that might contribute to the observed surface charge effects, the surface charge density (σ) was calculated using the following equation ([@bib15]; [@bib34]): $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\sigma}}}= \left \left[{\mathrm{sinh}} \left \left(\frac{{\mathrm{ze{\phi}}}_{{\mathrm{s}}}}{2{\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}}\right) \right \right] \right  \left \left[8{\mathrm{{\epsilon}}}_{{\mathrm{r}}}{\mathrm{{\epsilon}}}_{{\mathrm{o}}}{\mathrm{RTa}}_{{\mathrm{K}}}\right] \right ^{{1}/{2}} \left \left[1+{\mathrm{a}}_{{\mathrm{a}}}{\mathrm{a}}_{{\mathrm{K}}}{\mathrm{exp}} \left \left(\frac{{\mathrm{-ze{\phi}}}_{{\mathrm{s}}}}{{\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}}\right) \right \right] \right {\mathrm{,}}\end{equation*}\end{document}$$where a~a~ = 0.15 M^−1^ ([@bib11]), a~K~ is the activity in the bulk solution, ɛ~r~ is assumed to be the dielectric of water (80), and ɛ~o~ is the permittivity of free space. Values of σ for every φ~s~ and a~K~ ^s^ were averaged (±SEM) to determine the final estimate.

Kinetics of Barium Block
------------------------

Since Ba^2+^ blocks Kir2.1 channels by binding within the selectivity filter, time constants (τ) for Kir2.1 current decay in the presence of Ba^2+^ are predicted to be influenced by surface charges in a manner similar to K^+^ conductance (see above). By assuming that Ba^2+^ block is adequately described by a single binding site model ([@bib40]; [@bib1]) where only the on-rate is influenced by the surface potential combined with the assumptions that the rate of Ba^2+^ entry into the channel is given by the Ba^2+^ activity at the channel surface (a~Ba~ ^s^) and that Ba^2+^ does not alter the surface potential at the low concentrations used (see [Eqs. 3](#eqn3){ref-type="disp-formula"} and [4](#eqn4){ref-type="disp-formula"}), we can write $$\documentclass[10pt]{article}
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\begin{equation*}\frac{1}{{\mathrm{{\tau}}}} \left \left({\mathrm{V}}\right) \right ={\mathrm{k}}_{{\mathrm{on}}} \left \left({\mathrm{V}}\right) \right {\mathrm{a}}_{{\mathrm{Ba}}}^{{\mathrm{s}}}+{\mathrm{k}}_{{\mathrm{off}}} \left \left({\mathrm{V}}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$where *k* ~on~(V) and *k* ~off~(V) are the rates of Ba^2+^ binding and unbinding, respectively, at a given voltage, and a~Ba~ ^s^ is the external Ba^2+^ activity at the surface of the channel, which is related to Ba^2+^ activity in the bulk (a~Ba~) as described above for K^+^ ions in [Eq. 6](#eqn6){ref-type="disp-formula"}. Assuming that *k* ~on~(V) depends exponentially on voltage ([@bib48]), it can be shown that $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{ln}} \left \left[{\mathrm{{\Delta}}} \left \left(\frac{1}{{\mathrm{{\tau}}}} \left \left({\mathrm{V}}\right) \right \right) \right \right] \right ={\mathrm{ln}} \left \left[{\mathrm{k}}_{{\mathrm{on}}} \left \left(0\right) \right {\mathrm{a}}_{{\mathrm{Ba}}} \left \left({\mathrm{exp}} \left \left(\frac{{\mathrm{ze{\phi}}}_{{\mathrm{s}}}}{{\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}}\right) \right -1\right) \right \right] \right -\frac{{\mathrm{ze{\delta}}}_{{\mathrm{on}}}}{{\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}}{\mathrm{V,}}\end{equation*}\end{document}$$where Δ(1/τ) is the difference in 1/τ for a given \[Ba^2+^\] in the presence and absence of NMG, and δ~on~ is an estimate of the electrical distance for the position of the peak of the free energy barrier for Ba^2+^ binding to the channel pore. *k* ~on~(0) and δ~on~ were obtained from the intercept and slope of the relationship between 1/τ and voltage (−80, −100, and −120 mV) in the presence of NMG (i.e., where the surface charges are screened) ([@bib48]). Estimates of φ~s~ using this method were made at each voltage and averaged in order to determine σ~Ba~.

Data Analysis
-------------

With the exception of NSFA, all other data were analyzed using Origin 6.0 (Microcal Software Inc.). This includes mathematical calculations, graph development, curve fitting with the appropriate functions, as well as statistical analysis.

RESULTS
=======

Kir2.1 Single-channel Conductances at Varying K^+^ Concentrations
-----------------------------------------------------------------

To investigate the existence of surface charges in Kir2.1 channels, we examined the conductance as a function of K^+^ activity. [Fig. 2](#fig2){ref-type="fig"} A illustrates typical single channel currents (*i*) recorded in CHO cells transfected with Kir2.1 channels at several K^+^ concentrations. As shown in [Fig. 2](#fig2){ref-type="fig"} B for 20 and 140 mM K^+^, *i* depends linearly on voltage (i.e., the channels are ohmic) over the range of voltages studied as previously reported ([@bib25]). Thus, unitary conductances (γ) were estimated using Ohm\'s Law. Since the unitary current could not be reliably measured using single-channel recordings with \<20 mM K^+^ for Kir2.1 channels, NSFA of currents recorded in cell-attached patches containing Ba^2+^ were used to estimate *i*. Typical cell-attached recordings are shown in [Fig. 3](#fig3){ref-type="fig"} A, along with a typical plot of the mean variance (\<σ^2^\>) versus mean current (\<I\>) assessed from analysis of 200 sweeps, which allowed estimates of *i* from the parabolic function in [Eq. 1](#eqn1){ref-type="disp-formula"}. [Fig. 3](#fig3){ref-type="fig"} B plots the estimated unitary conductance from single channel recordings (closed squares) and NSFA (open squares) as a function of the bulk K^+^ activity. Note that the γ estimates using NSFA were identical (P \< 0.01) to the values estimated using single-channel recordings (at 20 and 140 mM K^+^). These data were fit (R^2^ = 0.98) using the modified Langmuir binding isotherm (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}) to estimate γ~max~ (26.0 ± 1.5 pS, 10 \< *n* \< 20) and EC~50~ (50 ± 15 mM a~K~) as well as the intercept, S (4.4 ± 1.4 pS). These results establish a clear saturation of unitary conductance at high K^+^ concentrations as reported previously ([@bib52]) and suggest the existence of a surface charge.

To ensure that our conductance estimates did not arise from experimental limitations of the NSFA method, we performed Monte Carlo simulations of channel blocking events ([@bib16]) using experimentally derived mean blocking and unblocking times in the presence of 30 μM Ba^2+^ ([Table I](#tbl1){ref-type="table"}) assuming a single site blocking model, as established previously ([@bib40]; [@bib1]). Typical simulated single-channel events are shown in [Fig. 4](#fig4){ref-type="fig"} A (bottom two traces), while [Fig. 4](#fig4){ref-type="fig"} B shows the predicted macroscopic current generated by superimposing 100 sweeps, as well as the predicted dependence of \<σ^2^\> on \<I\>. Clearly, the simulated results in [Fig. 4](#fig4){ref-type="fig"} B (left) closely resemble the experimental results in [Fig. 3](#fig3){ref-type="fig"} A. More important, the estimated unitary current estimated from the \<σ^2^\> versus \<I\> plot is identical to the assumed unitary current ([@bib31], [@bib24]).

###### 

Experimentally Determined Rate Constant Parameters

       with 30 μM Ba^2+^   no Ba^2+^                                           
  ---- ------------------- ----------- ---------------- --- ------------------ ---
  Vm   k~off~              k~on~       mean open time   α   mean closed time   β

Experimentally determined rate constant parameters (k~on~, k~off~, mean open, and mean closed times) for simulation of Kir2.1 single channel opening with 30 μM Ba^2+^.

![Monte Carlo simulations and validation of the NSFA method. (A) Raw traces (top four) of single channel openings in the absence (top two traces) or presence (middle two traces) of 30 μM Ba^2+^ in 140 mM K^+^ at −140 mV. The mean open (52 ms) and closed times (78 ms) were used to estimate rate constants for Ba^2+^ binding (545.9 ms^−1^·M^−1^) and unbinding (3.410^−5^ ms^−1^), which were used in Monte Carlo simulations of Kir2.1 channels (bottom two traces). (B) Left, summation of 100 simulated single channel traces (bottom two traces in A) were used to construct macroscopic Ba^2+^-blocked current. Right, 200 of the macroscopic currents were used to plot the mean variance versus mean current graph. Estimates of *i* (and therefore γ) obtained using NSFA were identical to input values, thus proving the validity of using this technique.](200409175f4){#fig4}

Charge Screening Decreases Kir2.1 Single Channel Conductance at a Low K^+^
--------------------------------------------------------------------------

The presence of the nonzero intercept, S, in the γ versus a~K~ relationship suggests the presence of a surface charge. To investigate this possibility, the γ versus a~K~ relationship was measured in the presence of 100 mM NMG to screen surface charges. As shown in [Fig. 5](#fig5){ref-type="fig"} B, with 200 mM symmetrical K^+^ (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}), the inclusion of 100 mM NMG did not affect the Kir2.1 single channel conductance (solid line is without NMG), confirming that NMG does not block Kir2.1 channels. By contrast, at 5 mM K^+^, the single channel conductance was reduced (P \< 0.01) to 2.0 ± 0.3 pS in the presence of 100 mM NMG compared with 6.6 ± 1.5 pS in the absence of NMG ([Fig. 5](#fig5){ref-type="fig"} A). Reductions in γ were also observed at 10, 15, 20, and 40 mM K^+^, when 100 mM NMG was added (P \< 0.05). More important, fitting the γ--K^+^ activity relationship with [Eq. 7](#eqn7){ref-type="disp-formula"}, when 100 mM NMG was present, reduced the conductance intercept to a value not different from zero (i.e., 0.8 ± 1.3, P = 0.36) ([Fig. 5](#fig5){ref-type="fig"} C).

![The effect of screening surface charges by NMG and TMO on γ at low K^+^. (A) Comparison of γ at 5 mM K^+^ in the absence of charge screening agents (control), in the presence of 100 mM NMG, pretreatment with 50 mM TMO, and pretreatment with TMO plus the addition of 100 mM NMG to the pipette solution. P \< 0.001. (B) The presence of 100 mM NMG (Δ) or pretreatment with 50 mM TMO (○) to screen surface charge reduces γ at low K^+^ activity, and eliminates the nonzero intercept at 0 mM K^+^ (10 \< *n* \< 20). The solid black line represents best fit line for control data. (C) Expansion of 0--40 mM region in B. Dashed lines are fits of NMG and TMO data with the modified Langmuir binding isotherm.](200409175f5){#fig5}

As an alternate method for eliminating surface charges, CHO cells were treated with TMO, a carboxylate esterifying agent. The unitary conductance with TMO was 2.4 ± 1.0 pS with 5 mM K^+^ which was below (P \< 0.01) the value of γ estimated without TMO treatment ([Fig. 5](#fig5){ref-type="fig"} A). Furthermore, the unitary conductance in 5 mM K^+^ after treatment with TMO was not reduced further by the inclusion of 100 mM NMG (2.9 ± 1.0 pS) ([Fig. 5](#fig5){ref-type="fig"} A), and the intercept for the γ versus a~K~ relationship (0.8 ± 1.9 pS) was not different (P = 0.32) from zero. Taken together, these results suggest that negatively charged amino acid residues generate surface charges in Kir2.1 channels, thereby increasing unitary currents at low permeant ion concentrations.

Electrostatic Theory Predictions of Surface Charge Effects
----------------------------------------------------------

Using our results above, it is possible to calculate the surface charge potential (φ~s~) for Kir2.1 channels ([Eq. 9](#eqn9){ref-type="disp-formula"}) and thereby the activity of K^+^ ions at the mouth of the channel pore (i.e., a~K~ ^s^) (using [Eqs. 8](#eqn8){ref-type="disp-formula"} and [9](#eqn9){ref-type="disp-formula"}). [Fig. 6](#fig6){ref-type="fig"} shows the relationship between γ and a~K~ ^S^ (closed squares), which can be well fit (R^2^ = 0.99) with [Eq. 7](#eqn7){ref-type="disp-formula"} going through the origin (S = 0.7 ± 1.5 pS, P \> 0.05). Notice that the relationship of γ versus a~K~ ^s^ in control conditions is identical to the γ versus a~K~ (i.e., bulk K^+^ activity) relationship for channels in the presence of NMG (open triangles), consistent with a role for surface charges in concentrating permeant K^+^ ions at the channel surface.

![The relationship of conductance to K^+^ activity at the channel surface. The γ--a~K~ ^s^ relationship, which accounts for the effects of surface charges, in control conditions (▪) can be well described (R^2^ = 0.99) by a Langmuir binding isotherm (dashed line) going through the origin (0.7 ± 1.5 pS, P = 0.36). γ--a~K~ ^s^ estimates for channels in the presence of NMG (Δ) fall on the same curve, indicating that surface charges alone can account for the shift in local ion activity and the increased conductance through Kir2.1 channels that result.](200409175f6){#fig6}

Our estimates of φ~s~ were also used to calculate the apparent surface charge density (σ) of Kir2.1 channels ([Eq. 10](#eqn10){ref-type="disp-formula"}). Values of charge density in Kir2.1 channels were calculated for each a~K~ ^s^ examined assuming a dielectric (ɛ~r~) of 80 (that of water), and then averaged to determine a σ of −0.49 ± 0.08 e nm^−2^. When NMG was present, the estimated surface charge was reduced to −0.06 ± 0.02 e nm^−2^, which represents less than one net charge per channel subunit. This is consistent with the screening of surface charges in Kir2.1 channels by NMG. Using current molecular models of Kir2.1 channels ([@bib7]), we estimated the channel\'s surface area to be ∼11 nm^2^, which predicted the presence of approximately −5.4 e net charges per channel. Since Kir2.1 channels are tetramers, these calculations suggest that the surface charge arises from one free net charge per monomer.

Kinetics of Extracellular Barium Block Are Altered by Charge Screening
----------------------------------------------------------------------

Ba^2+^ is a potent voltage- and time-dependent blocker of K^+^ current in Kir2.1, by binding within the selectivity filter ([@bib19]). Thus, the presence of surface charges is predicted to alter the blocking time constant (τ) of Ba^2+^. Indeed, as shown in [Fig. 7](#fig7){ref-type="fig"} A, treatment with NMG or TMO significantly increased τ at 5 mM K^+^ compared with control. The same was observed for 20 mM ([Fig. 7](#fig7){ref-type="fig"}, compare B and C) and 140 mM \[K^+^\]. Using the voltage dependence of *k* ~on~ in the absence of surface charges ([Fig. 7](#fig7){ref-type="fig"} D) and [Eqs. 11](#eqn11){ref-type="disp-formula"} and [12](#eqn12){ref-type="disp-formula"}, φ~s~ was calculated using Ba^2+^ blocking kinetics for 20 mM K^+^, which again allows an estimate of the charge density (σ~Ba~) in Kir2.1. σ~Ba~ was estimated to be −0.49 ± 0.12 e nm^−2^, which is indistinguishable (P \< 0.01) from the value obtained using the conductance data, confirming the presence of four negative charges on the surface of Kir2.1 channels.

![Barium blocking kinetics under various experimental conditions. (A) Blocking time constants (τ) estimated after pretreating with 50 mM TMO (gray) or in the presence of 100 mM NMG (white) compared with control data (black) at 5 mM K^+^. (B) The relationship between 1/τ versus Ba^2+^ activity in the presence of 20 mM K^+^ at −80 mV (▴), −100 mV (•), and −120 mV (▪). (C) The relationship between 1/τ versus Ba^2+^ activity in the presence of 20 mM K^+^ plus 100 mM NMG at −80 mV (▵), −100 mV (○), and −120 mV (□). (D) The slopes calculated in C were used to determine *k* ~on~(V) (▪) and plotted versus voltage to estimate *k* ~on~(0) and δ~on~ ([@bib48]), which were in turn used to determine an apparent charge density (σ~Ba~) of −0.49 ± 0.12 e nm^−2^ on the surface of Kir2.1 channels, in line with estimates from our conductance data.](200409175f7){#fig7}

Identification of Extracellular Charges Acting as Surface Charges
-----------------------------------------------------------------

Using the molecular model for Kir2.1 channels, which is based on the *KcsA* crystal structure ([@bib7]), we identified three candidate charged residues (E125, D152, and E153) that might act as surface charges ([Fig. 8](#fig8){ref-type="fig"} A). We replaced these charged residues with cysteine in order to examine the potential role of these charges in the electrostatic effects of Kir2.1 channels. Cysteine was chosen to allow charge replacement using MTS compounds. The dependence of γ on a~K~ was unaltered for E125C and D152C mutant channels, compared with wild-type (WT) channels at 20 mM K^+^ ([Fig. 8](#fig8){ref-type="fig"} B). On the other hand, E153C channels showed a smaller unitary conductance compared with WT, which was not different from the unitary conductance observed in WT channels pretreated with TMO ([Fig. 8](#fig8){ref-type="fig"} B) (P \< 0.01). [Fig. 8](#fig8){ref-type="fig"} C shows that the same results were observed for 5 mM K^+^, whereas, at 140 mM K^+^, WT channels, with and without TMO treatment, and all three mutant channels had similar γ values. Treatment of E153C channels with MTSES, in order to replace the negative charge, increased the γ to levels similar to WT at 20 mM K^+^ ([Fig. 8](#fig8){ref-type="fig"} B). Taken together, these results support the conclusion that E153 acts as the primary source of surface charges in Kir2.1 channels.

![The contribution of putative negatively charged extracellular residues. (A) The top portion of A and C monomers of the Kir2.1 channels from recent molecular models ([@bib7]) to illustrate the location of E125, D152, and E153 negatively charged residues and emphasizing their proximity to the pore mouth of the channel. (B) A comparison of γ values in WT (control and pretreated with 50 mM TMO), E125C, D152C, and E153C mutant channels at 20 mM K^+^ shows there is a significant reduction in unitary conductance in E153C channels compared with WT, and that this reduction is indistinguishable from that caused by pretreatment with TMO. Charge replacement by MTSES for E153C channels returns unitary currents to WT levels. (P \< 0.001). (C) Kir2.1 single-channel conductance (γ) as a function of symmetrical K^+^ activity in the absence of surface charge screening agents. E125C (□) and D152C (Δ) mutant channels have γ that are indistinguishable from WT Kir2.1 channels\' data (solid black line). E153C mutant channels (○) have reduced γ--K^+^ activity relationships compared with WT channels (7 \< *n* \< 20).](200409175f8){#fig8}

DISCUSSION
==========

Our results establish that Kir2.1 channels display classical surface charge properties ([@bib51]; [@bib54]; [@bib29]; [@bib30]) that depend on E153 residues predicted from a previous molecular model to be located on the outer face of the channel ([@bib7]). Investigations into the possible role of surface charges in our studies necessitated the conversion of K^+^ ion concentrations into chemical activity (i.e., chemical potential) in order to account for the effects of ionic strength on the thermodynamic driving force of K^+^ ions into Kir2.1 channels. K^+^ activity was calculated using a combination of the linear Debye-Huckel, the Extended Debye-Huckel, and the Davies\' theories to account for long-range electrostatic interactions between ions in solution under our experimental conditions ([@bib8]; [@bib28]). The use of multiple equations was necessary because no single analytical expression can comprehensively estimate ionic activities over the range of experimental conditions used in our studies ([@bib28]). The use of K^+^ activity was essential in our studies since a wide range of ionic strengths were used to alter surface potentials in Kir2.1 channels.

In our studies, it was necessary to determine the unitary current and unitary conductance (γ) with varied symmetric levels of K^+^. This could not be achieved using whole-cell recordings since the current magnitudes were too large to allow NSFA to be effectively used (see below). Therefore, to circumvent this problem, we resorted to cell-attached recordings. To ensure the levels of K^+^ were symmetric in our cell-attached recordings, we monitored the membrane potential using a voltage-sensitive dye. These studies showed that K^+^ levels equilibrate within 2--3 min following changes of the external K^+^ levels under our experimental conditions, probably due to the presence of very high levels of Kir2.1 channel expression (i.e., \>40 nS in whole-cell recordings with 140 mM K^+^) combined with the omission of Na^+^, thereby inhibiting the Na^+^ pump.

Clear evidence for the presence of surface charges was obtained in our studies using two methods that yielded comparable estimates for the electrostatic surface potential in Kir2.1 channels. In the first method, the dependence of unitary current (γ) on the K^+^ activity was used. These studies required the use of NSFA at low K^+^ activities, due to small unitary currents, as done previously in HRK1 ([@bib31]) and Kir7.1 ([@bib24]) channels. We validated the NSFA method in our studies using Monte Carlo simulations to model Ba^2+^ blocking events. In the γ versus a~K~ plots, we found that γ does not approach zero as K^+^ activities are reduced. While it is possible that the finite limiting γ intercept originates from finite permeability of Kir2.1 channels to other cations in our solutions (e.g., Ba^2+^), Kir2.1 channels are impermeant to these other ions ([@bib1]). More important, the limiting γ was reduced to zero at low a~K~ following the addition of the impermanent cations NMG^+^ to screen surface charges or following pretreatment of the channels with TMO to specifically neutralize carboxylate residues ([@bib43]; [@bib39]). The nonzero conductance intercept at low K^+^ activity, combined with a zero conductance intercept at high ionic strength or following TMO pretreatment are signature features of local surface charges ([@bib32]; [@bib12]; [@bib22]; [@bib6]).

To analyze and interpret our γ versus a~K~ results we used the Gouy-Chapman-Stern (GCS) theory for surface charges, which assumes the surface charge density is uniformly distributed in a flat plane. While this assumption is generally expected to be invalid for ion channel proteins, the GCS theory accurately accounts for surface charge effects in many proteins, possibly due to cancellation of errors in the functional expansions of rigorously correct canonical partition functions ([@bib12]; [@bib22]). We anticipate that the applicability of the GCS theory is assisted by the symmetrical arrangement of four negative point charges around the pore opening of tetrameric Kir2.1 channels that should mimic more closely a uniform charge distribution than a single point charge located near the pore opening. Regardless, the application of the GCS theory to our results predicted that γ depends uniquely on the local K^+^ ion activity at the entrance to the Kir2.1 channel pore. Indeed, the dependence of γ on a~K~ at the channel surface (i.e., a~K~ ^s^) could be accurately described by a Langmuir binding isotherm going through the origin. The GCS theory further predicted a surface charge density of −0.49 ± 0.08 e nm^−2^. Using recent molecular models of Kir2.1 channels ([@bib7]) to estimate channel area, we calculated a net of approximately four charges on the surface of Kir2.1 channels in the absence of charge screening agents, which equated to nearly one charge per monomer.

Thus, our γ results strongly support the conclusion that surface charges influence the Kir2.1 channel conductance. Similar investigations and analyses have been applied to other channels, including Na^+^ channels ([@bib51]; [@bib54]), Ca^2+^-activated K^+^ channel ([@bib36]; [@bib29]; [@bib30]; [@bib42]), NAChRs ([@bib18]; [@bib23]), to establish the presence of surface charges. On the other hand, γ versus concentration in *KcsA* channels show two asymptotic conductance values at low and high K^+^ levels ([@bib37]; [@bib41]). The limiting γ value of *KcsA* at low K^+^ levels appears remarkably similar to that observed in Kir2.1 channels, suggesting that surface charges may also play an important role in the conductance properties of these channels as well.

Since Ba^2+^ blocks Kir2.1 channels by binding within the channel pore, Ba^2+^ should be affected by the presence of surface charges in a comparable manner to K^+^ ions. Specifically, the rate of Ba^2+^ entry into the channel should be proportional to the activity of Ba^2+^ at the channel entry. This provided a second method for estimating surface charges in Kir2.1. Indeed, when charges are screened by NMG, or neutralized by TMO, the kinetics of Ba^2+^ block is slowed significantly. Furthermore, after accounting for ionic strength (i.e., activity) of Ba^2+^ in our recording conditions, our estimates of the surface charge density from our Ba^2+^ block studies (σ~Ba~), using the GCS theory, were identical to those estimated from our conductance studies, once again supporting the existence of four negative charges on the surface of Kir2.1 channel proteins. This contrasts with a previous report examining the effects of lipid charges on BK channels ([@bib42]), where alterations in lipid charge (i.e., lipid surface charges) affected BK channel conductance, but not Ba^2+^ block properties. This led the authors to conclude, consistent with molecular models of channel proteins, that lipid charges are too remote from the channel pore entrance to produce classical surface charge effects ([@bib42]). While we did not examine the effects of altered lipid composition on the Kir2.1 channel properties, our results are consistent with the conclusions of [@bib42] since surface charge effects in Kir2.1 channels originate from charged E153 (see below), predicted to be more adjacent to the channel pore entrance than charged lipids. Further studies will be required to examine whether lipid charge also affects Kir2.1 channel properties.

More definitive evidence for the existence of surface charges in Kir2.1 channels was provided by our mutagenesis studies. Somewhat surprisingly, E125C and D152C mutant channels showed conductance properties identical to WT channels. Previous studies have suggested that E125 contributes a superficial site for binding of extracellular divalent cations such as Mg^2+^, Ba^2+^, and Ca^2+^ ([@bib38]). Indeed, in the presence of divalents, E125Q mutant channels had decreased single-channel conductance compared with WT channels. Furthermore, the E125 was also postulated to play a key role in dehydration of Ba^2+^ before entering the pore ([@bib1]). Consistent with these results, Ba^2+^ blocking kinetics were increased in E125C mutant channels compared with WT channels. The significance of these observations is unclear but could arise from altered binding affinities for these divalents at this site.

Our observations in D152C channels were unexpected, based on our model of Kir2.1 channels ([@bib7]). This may indicate that the D152 residue binds K^+^ ions with high affinity, thereby not contributing to the surface charge effect. Alternatively, our molecular model ([@bib7]) may require revision with the D152 residue either buried or oriented in such a way that its side chain does not contribute to the surface potential. Although less likely, it is conceivable that the sulfhydryl side chains of the C125 and C152 residues may be ionized in the E125C and D152C mutant channels. Consequently, the residues would not have led to charge neutralization, thereby having maintained their surface potential. However, this possibility would be inconsistent with the expectation that polar residues are less likely (not more likely) to be ionized (i.e., have a higher pKa) when localized in regions with reduced dielectric constants, such as in proteins compared with the aqueous phase.

Unlike E125C and D152C mutant channels, E153C channels have reduced single-channel conductance compared with WT channels at low ionic activities and are identical in conductance properties to WT channels pretreated with 50 mM TMO ([Fig. 8](#fig8){ref-type="fig"} B). Moreover, addition of 1 mM MTSES to restore negative charges restored WT behavior to E153C channels ([Fig. 8](#fig8){ref-type="fig"} B). These results support the conclusion that E153 is responsible for the surface charge effects observed in Kir2.1 channels by contributing approximately one negative charge per monomer at the channel surface. In accordance with electrostatic theory, our results support the conclusion that ionized carboxyl groups increase the conduction at low permeant ion activities, by attracting the permeant ions near the conduction pathway.

Our results also establish that for Kir2.1 channels, γ increases with elevations in a~K~, exhibiting a clear maximum conductance \>160 mM (K^+^ concentrations \>300 mM) with an apparent a~K~ EC~50~ of 50 ± 15 mM. These properties of Kir2.1 channels resemble those of ROMK1 (Kir1.1) channels that have a similar EC~50~, although ROMK1 channels exhibit a maximum conductance as a~K~ is elevated above 300 mM K^+^ ([@bib17]; [@bib27]). It is conceivable that γ of Kir2.1 channels might also reach a maximum at higher K^+^ concentrations. In stark contrast to Kir1.1 and Kir2.1 channels, the γ--\[K^+^\] relationship in *KcsA* channels is nearly linear from 50 to 500 mM K^+^ ([@bib37]), with evidence of saturation at K^+^ concentrations \>1600 mM K^+^ ([@bib41]). The basis for the differences in the γ properties of various inward rectifier channels will clearly require further investigations.

While our studies focused on the contribution of surface charges from E153 residues to Kir2.1 channel conductance, it is conceivable that surface charges may affect other channel properties. Indeed, since polyamine and Mg^2+^ block Kir2.1 channels by binding within the channel pore, alterations in surface charges could conceivably alter binding stability of these blockers. Thus, surface charge effects may contribute to the crossover effect observed in Kir2.1 channels with increased extracellular \[K^+^\].

Our findings support the presence of approximately four negative charges on the surface of Kir2.1 channels, originating from E153 (but not E125 or D152) residues. The results of our studies should help guide the development of new molecular models of Kir2.1 channels in the absence of crystal structures. It is apparent that new models of Kir2.1 channels must reexamine the location, orientation, and ionization of these three residues to account for the surface charge effect we attribute to the E153 residue. As well, future studies of ion occupancy, permeation, and perhaps rectification in Kir2.1 channels need to consider surface charge effects as described in our studies.
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